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ABSTRACT
A technique for evaluating forest canopies was developed based he use of a divergent lens System to obtain hemispherical photographs of tree crown. The photography was processed from 35 mm film and enlarged as a silhouette, and the light transmission was measured with a specially fabricated macrodensitometer. It is concluded that the amount of forest canopy can be expressed as canopy closure index fCCI) at a precision of approximately 5%.
It is shown by application to a variety of problems in diverse geographical areas that this technique can be used for measuring both temporal and spatial changes in the canopy, for estimating the shade light climate, and for specifying the probability of target detection through a canopy. Data are presented to analyze changes caused by explosions, radioactivity, growing season, and vegetation types. The geometry of gaps in tree crowns is discussed and the nature of shade light quality under forests is illustrated.
EVALUATION OP PORI8T CANOPIES BY PHOTOGRAPHY
by Philip L. Johnson and Theodore C. Vogel
INTRODUCTIOK
The quantity and quality of solar radiation received on a forest floor as contrasted with a clearing is prlmarüy a function of the canopy. The development of a closed or nearly closed canopy confers stability on the forest ecosystem in which species diversity is usually high and leaf area Is optimized for a large standing crop, but a low annual net community production. As a result, plant succession may occur quite rapidly in proportion to a change in crown closure. Species and communities occupying subordinate strata within the forest have evolved life histories as well as physiological and structural adaptations compatible with the phenology of the canopy or a shade light environment.
Many ecological and military problems require a measure of the light attenuation by a forest, its canopy distribution, and its degree of closure. Various devices such as photographic exposure meters (Bormann, 1956) , pinhole cameras (Brown, 1962) and conventional cameras (Rinker et ai., 1963) have been used to estimate the canopy configuration or total shade light received at a point on the forest floor, but they do not provide a measure of light distribution or of the canopy geometry presented to a seedling or target beneath the forest canopy. The light intensity at the forest floor can be estimated mathematically if solar intensity, sun angle, leaf area and leaf extinction coefficient are known (Saekl, 1963: Monsi and Saeki, 1953) . The objective of this report is to describe a method for evaluating canopy development by measuring the opaqueness of hemispherical photographs. This technique has been applied to a number of contrasting problems requiring a measurement of the forest canopy.
THEORETICAL CONSIDERATIONS
There are two types of solar radiation in forests: diffuse and direct. Several recent reviews summarize the interaction of solar energy and forests (Saeki, 1963; Anderson, 1964a Anderson, , 1966 Reifsnyder and Lull, 1965) . The intensity of light / penetrating a canopy at a given height Is proportional to leaf area:
where: l 0 = light intensity in the open, F -leaf area Index. ff = extinction coefficient by analogy with Beers* law.
Assuming ff to be constant in a stand at a given stage of development, then, light attenuation approximates leaf area:
Tht diraot light component emanates from a point source which is represented over time by a solar track, the apparent path of the sun relative to local horizons. The amount of diffuse light penetrating a stand is the resultant of the probability of encountering a gap. foliage inclination angle, solar declination angle, and leai area, all Integrated over time.
It becomes apparent that a precise expression of light penetrating a forest as diffuse and as sunfleck energy is difficult and clumsy, particularly if either the instrumentation or the processes under study are wavelength-dependent. Anderson (1964b) showed that reliable estimates of the average percentage of direct and of diffuse light could be obtained from hemispherical photographs. She constructed an equal irradiance grid to estimate the diffuse component and a solar tract diagram to account for the sunfleck contribution. This approach neglects transmission and reflectance by foliage.
The success of Anderson's computations of light climate and of our evaluation of canopy development derives from the use of a divergent lens system as opposed to the conventional convergent camera optics. Thus canopy gaps viewed at various angles and distances are not corrected for the apparent distortion but are imaged in the configuration presented to a target or to a seedling.
To obtain an expression of canopy development from this photography, the vegetation must be silhouetted against a lighter background. By transferring the photographic image obtained in the field to copy film in the darkroom, the silhouette is opaqued and the sky appears clear. In this way leaf extinction is not a problem arid the subtle gradients of density in the sky resulting from nonuniform, overcast or nunisotropic lighting are avoided. Experience has shown that large errors may result on days of bright sunshine because of low contrast ratio in the photography from specular reflecrion from branch and stem surfaces. Therefore, our hemispherical photographs were obtained at midday during overcast conditions.
METHOD Of CANOPY EVALUATION
Hemispherical photographs were obtained at representative stations with a Nikon Model F camera and "fisheye" a hemispherical lens. At each station the camera was leveled on a tripod or permanent pipe 1 m above ground using a target spirit level. Film exposures were best determined with a light meter with a 3 degree acceptance angle. A high contrast negative was obtained by basing the original exposure on a sky reading. The 85 mm panchromatic film (Plus X) was processed in Acufine following the manufacturer's recommendations. The negatives were then enlarged seven times to a dia.neter of 170 mm on high contrast copy film (Kodalith Ortho Type III) and developed by f he normal method. Quality control during enlargement was assisted by use of a spot photometer (Heathkit Fotoval Model Pm-14) to read sky density of areas as small as 0.3 mm 1 in the original negative.
To obtain an expression of canopy cover from these photographs the transmitted light was measured in the center portion of the photograph corresponding to the 90 degree cone volume. Sin^e the canopy volume in a cone is evaluated rather than some vertical projection of tree crowns, the term canopy closure index is adopted as less ambiguous than percent cover.
An optical density instrument (Fig. 1) Therefore, the height of 26 cm was used. A uniform light field is created by two 15-watt fluorescent lamps (OS 15T12 cw) beneath a 6-mra opal plastic diffusion plate.
The light sensor is placed over the light box ( Fig. 1 ) and centered above a template, C, in which a circle has been cut corresponding to the 170-mm diameter of the enlarged positive. The photometer is zeroed with the light off: then the light source is activated ?nd adjusted with the variable resistor until 100% transmittance is registered on the photometer. If a sheet of unexposed but developed film is placed over the source during this calibration, the base density of the film may be automatically subtracted from the transmittance readings. Once the system is calibrated, each canopy positive is centered in sequence under the template and the amount of light attenuation read directly in percent transmittance. Since this value is equal to the amount of open area, it must be subtracted from 100 to equal canopy closure index.
A second template, D, was placed over the sample on the light field which limited the photo coverage to a 90° cone. Although the selection of a 90° cone volume is somewhat arbitrary until experience suggests a more optimum value, it was thought that this zone above a camera adequately represented the canopy overhead without undue bias ftom shrub strata or adjacent slopes. Thus CGI -100-T 90 o%. 
Forest blowdowa
The effects of a high energy explosion on a forest canopy were , in part, evaluated with hemispherical photography Vogel, 1967). The photographs (Fig. 2, 3 ) were taken at ten stations along a radius from ground zero immediately before and after the detonation of a 5o-ton TNT charge. This Canadian forest was composed of white spruce, Picea flaues, and lodgepole pine, Pinus contorta, with an average height of 21 m and a diameter of 15 cm. The stand was approximately 100 years old with an average stem spacing of 3 to 4 m. Independent evaluation of post-blast aerial photographs indicated seven distinct damage zones surrounding ground zero (Vogel, 1967) . These were 1) the crater, 2) zone of complete stem removal, 3) stump zone, 4) prostrate stem zone, 5) prostrate trees with partial crowns, 6) leaning trees and 7) the unaffected forest. In Figure 4 Stations 5 and 6 were in Zone 5; Stations 7-9 were in Zone 6 and Station 10 was in Zone 7, the undamaged forest.
The canopy closure indices were obtained with an area dot grid rather than the densitometer because of a broken cloud cover at the time of the poet-blast photography which resulted in canopy photopaphs of varying sky density. A close relationship between the area dot grid values and the macrodensitometer values had taen previously established (Johnson and Vogel, 1965) . Before detonation, the forest CCI averaged 72% and ranged from 64% to 84%. The post-blast values obtained from the same locations indicated complete crown removal from Stations 1-6 with a sharp increase in crown survival beginning at Station 7 and continuing to 58% at Station 10 (Fig. 3, 4) . A portion of the difference between pre-and post-blast CCI at Station 10 is experimental error, but an Increase in green ground litter at this station following the blast indicated partial needle fall at this distance from ground zero.
Radioactivity gradient
Ionizing radiation is one of the few environmental factors which man can regulate and vary in intensity with fewer direct interactions with the rest of the holocoenotlc environment. At the Brookhaven National Laboratory, Long Island, N. Y.. an experiment was conducted to study the response of a simple forest ecosystem to chronic gamma Irradiation (Woodwell and Rebuck, 1967) . A spatial gradient of vegetation response was established surrounding and radiating from the radiation source as a result of the dispersion of tpecles with differing radiosensltlvlties (Fig. 6) . Monitoring ui this gradient (Johnson, 1965) 
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Phraology
While forest canopies lessen the magnitude of many climatic variables within the stand and alter the distribution of others, such as precipitation, they also impose a highly variable light regime both spatially and temporally associated with sunflecks. In deciduous forests seasonal periodicity is still a further complexity to which the vernal flora have evolved. The amount of solar energy reaching the forest floor is the sum of direct sunlight (sunflecks) plus diffuse sky light, plus a smaller fraction of light reflected from and transmitted through the foliage. The condition of the forest canopy and the light climate it achieves can be measured and expressed as canopy closure index from hemispherical photography.
To evaluate the phenological changes in a northern hardwood forest, 12 permanent photo stations were established on Watershed 6 of the Hubbard B.ook Experimental Forest, West Thornton, N.H., in cooperation with a hydrologic and mineral cycling project conducted by the U.S. Forest Service and Dartmouth College (Bormann and Likens, 1967) . Paired pipes, 1 m high, were dispersed in elevation increments of 30 m in this 130-km 2 watershed. Hemispherical photographs were obtained throughout the growing season in 1966 and 1967. A representative series from Station 2 (Fig. 7) illustrates the seasonal progression of a single year's leaf production.
The CCI values derived on these nine dates are plotted in Figure 8 to illustrate the rather abrupt vernal and autumnal changes in the forest canopy. A greater number of replications in 1967 helped to refine this essentially similar phenological curve for 1967. It was evident that crown development was delayed approximately 5 days in 1967 due to a cold spring throughout the region. The leaf expansion was compressed into a shorter time in 1967. Independent confirmation was provided by B. Mahall* who observed and recorded morphological development of both ground and canopy flora weekly in 1966 on Watershed 6. His data indicated bud swelling on 15 May, bud swelling and opening'on 22 May, rapid leaf expansion on 27 May and full leaf expansion by the and of the first week in June with respect to maple. Acer saccAarum, and beech, Fagus grandiflora, in the overstory. Lower elevations were more advanced than upper elevations, seedlings and saplings were more advanced than the same species in the overstory, and maple initiated leaf expansion before beech. These observations mesh completely with the CCI values obtained at the 12 stations during the same period. A series of hemispherical photographs from a wet tropical forest in Puerto Rico obtained periodically over a 30-month period supported the lack of a seasonal periodicity in that forest canopy (Johnson and Atwuod, 1968) . The average CCI for this tropical forest was 86.5.
Forest types and structure
The range of expected CCI values in closed crown stands is probably not great. It is evident from defoliated and from deciduous forests thaf. values approaching 50% are to be expected due to the cross-sectional area of twigs, branches and stems. Values greater than 90% are seldom obtained. From the rationale of eq 1 the argument has been advanced (Anderson, 1966) 
Figure 8. The phenology oilhe forest canopy at Hubbard Brook Experimental Forest is shown by a progression of CCl values for 12 stations in 1966.
may temporarily exceed it. This optimal leaf area, often between 3 and 7 mVm', is dispersed and oriented in the canopy volume such that for many forests CCI values tend to cluster around 80 to 85%. Lesser values are associated with gaps in the canopy. Four diverse forest types are Illustrated in Figure 9 . The jack pine (Pinus banksiana) forest was lowest because of the open spacing of the stand.
Canopy closure index was obtained for the principal forest types in interior Alaska (Table I) . Again high values were from stands with more widely dispersed trees. The lower the CCI, the peater the leaf area index of the shrub and pound layer plants. It is evident from the comparisons in Table I that no significant correlations could be found between CCI and tree height, tree density, tree basal area or tree biomass.
A aeries of conventional photopaphs was taken with 4x5-in. panchromatic film of representative forest types in Costa Rica (Table II) . The results again demonstrate a clustering of CCI va'ues just over 80%. Lesser values were related to a deciduous condition or to gaps in the canopy. A subsequent replication with a hemispherical lens confirmed these values for similar stands in thes*) life zones in Costa Rica.
During a target detection study with an infrared scanner to Ontario, Canada, military vehicles were concealed within a jack pine (Pinus banksiana) forest and along the edge of the forest and a meadow. As an aid to the interpretation of aerial photography and scanner imagery of the several targets, hemispherical photographs were taken of the canopy over each target. Stem density and diameter were determined for a . l-acre circular plot centered on each target. The forest consisted of a pure tuand of 45-year-old jack pine, 15 m in height with an average diameter of 25 cm. When the canopy photograph indicated high canopy obscuration directly over the vehicle, detection was not possible. Correlation of CCI values with target detection success involves a number of variables (Leighty and Vogel, 1964) ; however, the canopy photographs were helpful in explaining the nondetectability of targets. No relationship was evident between CCI values and stem density (Table III) .
Distribution of leaves and canopy gaps
The geometry of a forest canopy is difficult to evaluate or even to characterize. The orientation of leaves in a three-dimensional space, their array along a branch and the arrangement and persistence of branches in a tree crown are apparently a complex interaction between the genetic potential of various species and the environment, particularly the light climate,'that the canopy creates.
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It is of interest to military detection as well as to seedling regeneration to know the distribution of canopy gaps in !hp hemisphere above a point. In order to determine the distribution of canopy obscuration with ^creasing angle from the zenith, nine templates were constructed which permit measurement of obscuration within concentric rings of 5-degree increments. The templates were fabricated by dividing a 90-de^ree arc into 5-degree segments and then projecting these segments to a horizontal plane. The areas surrounding the resultant plan view of each 5-degree arc segment were then opaqued, photocopied, and enlarged on film stock to the same scale as the canopy transparencies. The percentage area of each ring was determined with the macrodensitometer and an area correct K factor determined in order to adjust the readings with each ring to equal area expressions. Such values then are an index to target detectability as a function of the angle from the zenith.
In use each ring was placed over the light source and the photometer was zeroed. The canopy photograph was then centered over euch ring overlay and the light attenuation read directly in percent transmittance. Theso values for each 5-degree ring are plotted in relation to the zenith angle (Fig. 10) for a northern hardwood forest without leaves, a pine forest and a montane tiopical rain forest. As expected, light penetration is greatest directly overhead and rapidly decreases with increasing slant angle through the canopy volume.
The nature of the photographic process used in our technique depends on the contrast ratio between the sky or overcast and the vegetation. In theory a single leaf should be as effective in producing an opaque image as multiple layers of leaves or stems. In practice lighting on the under surface of some leaves and twips may reduce the contrast ratio below the threshold for opacity and they become indistinguishable from sky. For this reason the CCI is not directly proportional to leaf area index. Because leaves are dispersed in a three-dimensional volume u leaf area index of 1 does not block the entire sky. nor does a leaf area of 6, although it is much greater than 1.
To examine the relationship between CCI and leaf dispersion, a series of hemispherical jjliotographs was taken at vertical intervals fiom a tower at the Alhrook site in a wet tropical foiest in Panama. At the end of the dry season in March the CCI values (Fig. 11) were obtained by opaqu. ing half of the hemisphere containing the tower and doubling the transmittance on the premise that both halves were of equal canopy configuration. The diSjiersion of leaves was measured in September by counting the number and height of leaves in contact with a vertically plumbed string. The average of 30 such plumb lines near the Albrook Tower yielded an estimated leaf area index of 4.26 * 0.95 (Tyson. 1966) . The vertical distribution is shown in Figure 11 . The leaves tended to concentrate below 3 m and from lb to 22 m in this relatively stable secondary stand.
The desirability of an independent measurement of light penetrating the forest became increasingly apparent. Therefore, five Eppley pyrheliometers were installed in the Hubbard Brook Experimental Forest in early May 1967 before vernal activity commenced. One was located in a large clearing to record total incoming short-wave radiation. The percentage of light on the forest floor at two points, one at Station 1 and the other 123 m higher at Station 8, were recorded by measuring the difference in signal between an Rppley pyrheliometer in a clearing and one in the forest. It thus becomes possible to compare an integrated light value for the day penetratmn the canopy with CCI values at these two stations. This comparison (Table IV) indicates the decreasing energy available to the ground flora and regeneration caused by phenology of the ovetstoiy. The pitfalls of a more precise relationship were discussed earlier as well as by Anderson (1964 Anderson ( , 1966 and U.S. Army Corps of Engineers (!%!).
Light quality
One of the more impuiiaiit effects ol li^lii altenuation by tree crowns is the diffeienlial filtering of wavelengths. The light quality of shadeneai abuilding is predominantly blue because of the n«atei scattering of shorter wavelengths by the atmosphere. Forest shade, on tlie other luuid. Although the percentage of airect sunlight reaching the forest floor was less than 1.5, the proportion of this infrared energy (700 -1000 m/i) was doubled compared with full sunlight incident at the top of the canopy (Fig. 12) . This difference in light quality within dense forests may be especially important in the ecesis o success icnal species since several growth processes are partially wavelength-depen-
der.t.
A similar shift in light quality occurs in deciduous forests during leaf expansion and leaf drop. Figure 13 indicates the distribution and amount of energy reaching the forest floor of 'he Hubbard Brook Experimental Forest in New Hampshire in winter and late summer. D^-ing the leafless period % of this energy was in the near infrared spectrum. The extent to which the vernal ground flora, that essentially completes its annual growth and reproduction before leaf expansion, has evolved in response to light quantity or quality is unknown.
DISCUSSION AND SUMMARY
Forest canopies are rather easily evaluated with hemispherical photography and a macrodensitometer. The attributes of a divergent lens system were apparently first applied to forests by Evans and Coombe (1959) using the Hill camera. The improvement of optics and film speeds now permits sharp hemispherical photography of canopies either for evaluating canopy development, for estimating the light climate, or for specifying target detectability. Such photography can be efficiently evaluated with a macrodensitometer, although our experience su»;e3ts that more consistent results are realized from photographs obtained under overcast conditions. The precis ion of this technique appears to be at the 5% level: however, the precision will vary in response to several variables, not all of which need influence a given application. Toreduce the influence of the initial exposW"e determination, each site was bracketed with several exposures. Optimal processing of the Kodalith transparency was somewhat dependent on the skill and judgment of t he darkroom technician <I~d variations due to processing became more significant when the experiment required repl ication in a time ser ies. Replication of the readout system wa" easily held below a 2% error. Small variations m the hei~ht of the camera and positioning of the transparency in the macroden s lt o'lleter did not greatly influence the results. Small differences in reocc upying the same camera point may completely invalidate the compartson: therefore, the use of a pipe as a permanent camera support was adopted. The utility or this technique of evaluating forest canopies was demonstrated by a wide spectrum of applications. There is no better rapid and accurate method of measuring canopy development. The values obtained can be compared spatially or temporally, and a pictorial record is retained of each data site.
Comparison of values from contrasting types of vegetation structure suggest a similarity in the leaf area that can be supported independent of tree height or species. The higher values measured in wet tropical forests (CCI -90) presumably reflect the structural and species diversity that have evolved there. High latitude forests must contend with lower sun angles as well as increasing environmental severity. Apart from forests, the highest CCI values are to be expected in early stages of rapid plant succession such as raspberry patches {Rubus spp.) or beneath dense herbaceous stands. In the former case, the leaves beyond the light compensation point soon perish. In the latter case, certain herbaceous and moss species have greater shade tolerance than trees. Two problems have been avoided by using Kodalith transparencies with opaque images» the leaf extinction coefficient was not a consideration and variations in film processing w^re minimized. Should an investigator seek to apply this technique to estimates of leaf area or to optical density and biomass (Odum et ai., 1963) , then an integrated gray tone of a panchromatic transparency is desired. However, both of the above considerations must then be satisfied. Whittaker and Woodwell (1967) have successfully estimated the branch wood surface area of a forest with this technique.
Consideration of light penetrating a canopy to a seedling involves integrating the area of gaps in a hemisphere. The probability of detecting a target by line-of-sight through a canopy from an aerial platform is a function of the distribution of gaps. It has been shown that the probability of detection decreases rapidly with departure from the zenith. Although wind movement and growth may vary the dispersion of individual gaps, vertical obscuration or detection angle can be rapidly analyzed from hemispherical photographs.
There is a considerable shift in the ratio of visible to infrared wavelengths from sunlight to forest shade bght. Although the intensity of solar radiation may be much less in wet tropical forests than in broadleaf temperate forests, a similar light quality is suggested. Tins change from % viaible wavelengths of sunlight to '/, infrared energy (within the range of measurement, 400 to 1000 m/i) occurs during the period of rapid leaf expansion. The biological implications of such a rapid shift in light quality are not fully understood, although the magnitude and timing of the shift could be approximated from measurements of canopy closure index.
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